• Heavy metal concentrations were generally low in percolation and ditch water samples of ash roads, but elevated concentrations were found in some parts of ash roads.
Introduction
Power and heating plants in Finland produce large amounts of ash due to the bioenergy production. The amount of fly ash (i.e. ash composed of fine particles) which originates from burning of wood and peat has grown since 2006 and was about 700 000 t in year 2017, of which the share of the forest industry was significant (Emilsson 2006; Biomassa Atlas 2018) . In the future, it can be expected that the amount of wood based ash will increase further based on the ongoing investments of the Finnish forest industry. However, the government is planning to reduce the amount of waste going to landfills. Due to this aim to promote a circular economy, dumping charges have been raised recently to €70 per ton in Finland (Finlex 2015) . Therefore, it is important to identify other ways to utilize ash rather than disposing of it in landfill. Wood ash has traditionally been utilized as a fertilizer for forest and agricultural soils provided that it fulfills the quality requirements set for fertilizers (Patterson et al. 2004; Moilanen et al. 2005) . Other utilization possibilities are to use it as a binding material in cement (Wang et al. 2008; Pesonen et al. 2016) or road material (Lahtinen 2001; Edil and Benson 2007) .
The utilization of ash as a fertilizer has been largely studied in forests (e.g. Saarsalmi et al. 2004 Saarsalmi et al. , 2005 Saarsalmi et al. , 2006 Saarsalmi et al. , 2010 Hytönen 1998 Hytönen , 2003 . In addition, the leaching of nutrients from ash has been studied (Saarsalmi et al. 2005) as well as leaching of heavy metals, e.g. cadmium (Perkiömäki et al. 2003) . Ash may contain several heavy metals, e.g. Cu, Cd, Cr, Mn, Hg, Ni and Zn which in high concentrations can be toxic (Perkiömäki 2004) . Cadmium (Cd) is one of the most problematic heavy metal in wood ash since it is a mobile (i.e. easily dissolved) heavy metal and toxic to living organisms (Perkiömäki 2004) . Especially the fly ash fraction may contain increased amount of Cd as it concentrates in fine particle sized fly ash (Narodoslawsky and Obernberger 1996) . Perkiömäki et al. (2003) did not, however, find elevated Cd concentrations in soil percolation water in boreal forest soils fertilized by wood based ash. Other heavy metals, e.g. copper (Cu), may also have negative effects on forest soil processes such as litter decomposition. Studies made near point sources, such as metal smelters, have shown that heavy metals may decrease the activity of forest microbes (Bååth 1989; Pennanen et al. 1996; Fritze et al. 2000) .
One possible way to utilize ash is as a road material, especially in forest roads, which are part of the low-volume road network. These are public and private roads which have low daily traffic, are paved with gravel or even surfacing with local soil materials and have less demanding design specifications (Kaakkurivaara 2018) . The situation of ash utilization in forest road construction and rehabilitation has changed recently in Finland. At the beginning of 2018, the same environmental permission procedure covers both the forest roads and public roads. This act harmonizes and clarifies the practices of the environmental administration (Finlex 2017) . Earlier, the public and forest roads had different regulations due to the structural differences between these road types. The public roads are commonly paved by asphalt, which ensures that the ash structure is not under the influence of water that drains through the road structure, which would possibly cause leaching of heavy metals. Utilization of wood or wood and peat based ash has not yet been widely studied on forest roads, although some studies exist; Kaakkurivaara et al. (2016) and Bohrn and Stampfer (2014) stated that ash improved the bearing capacity compared to the non-ash road structure. Kaakkurivaara and Korpunen (2017) developed a cost calculation model for the ash structure construction work, which showed that ash structures were suitable options for rehabilitation of forest road. So far, only a few studies on heavy metal leaching have been conducted; Oburger et al. (2016) studied wood based grate ash and fluidized bed ash and their contents of dissolved organic carbon (DOC), As, Ni, Al, Fe and Mn as well as pH during a two year survey, and concluded that the concentration levels were environmentally acceptable. Nordmark et al. (2014) found a declining trend of Al, Cl, K, Ca, pH and SO 4 in a wood based fly ash structure during a three year survey, and they deduced that the ash can be used without threatening the surrounding environment. However, these leaching studies did not include peat based ash, which may have initially different concentrations of heavy metals than wood ash, e.g. higher concentrations of arsenic (As) (Huotari 2012) . It should be taken into account that the contents of heavy metals in ash depend on several factors: the combustion temperature, burning technique, fuels used and combustion gas filtering technique (Korpijärvi et al. 2009 ). Consequently, it is difficult to make direct and general conclusions from the above mentioned studies. If the utilization of wood and peat based fly ash in forest roads is to be environmentally safe, consideration should be given to possible leaching of heavy metals.
The aim of this study was to determine the water quality related to the concentrations of dissolved heavy metals and barium (Ba) (Table 1) in percolation water inside the forest roads containing ash and in drainage water in ditches that crossed these forest roads. The concentrations in percolation water were studied in the immediate vicinity below the ash layers at different depths inside the forest road. We hypothesized that possible dissolution of heavy metals and Ba from ash layers would be evenly distributed phenomena and similar in all locations from the ash containing road since the homogenous ash layers were constructed inside the forest roads.
Material and methods
The experiment was established on forest roads located in Jämsä, central Finland. The surrounding landscape of the experimental roads consisted of forestland; mainly wetlands and partly upland mineral soils ( Table 2 ). The composition of the surrounding forests varied from young stands to mature managed stands. The treatment plots were built on the top of the initial road as a part of the rehabilitation of the forest roads. Five different treatments were (i.e. four ash treatments and a control) similarly conducted on two forest road sections; 5 treatment plots on the forest road 1 (FR1) and 5 plots on forest road 2 (FR2) (Fig. 1) .
A mixture of wood and peat based fly ash was used in the road structures, and the ash layer in forest roads consisted of pure ash or a mixture of ash and gravel. The treatments were: 1) control (no ash), 2) a 15 cm layer of ash and gravel mixture in ratio of 33/66, 3) a 20 cm layer of ash and gravel mixture in ratio of 50/50, 4) a 25 cm layer of ash, and 5) a 50 cm layer of ash. Percolation water quality was studied during 2011-2014 in water samples with zero-tension lysimeters, which were located inside the roads in the immediate vicinity below ash layers and road surface as well as deeper in the road structure at the bottom level of the road (Fig. 2) . In each experimental plot containing ash, three plate (two in control plots) lysimeters with a collection area of 0.1 m 2 were installed at the top level of the road, below road surface, and three lysimeters at the bottom level of the road. The lysimeters were located vertically as a pair at the top and bottom levels close to each other, and horizontal distance of lysimeters was 20 m from each other within the treatment. The lysimeters were installed approximately under the wheel path so that the percolation water would be mainly collected from the center part of the road. The number of samples ( Fig. 3-10 ) collected by the lysimeters was comparable between the treatment plots.
Water samples were collected during 2011-2014 from the open ditches where drainage water from treatments was flowing along the forest roads and from the ditches that had no contact with experimental roads (background level). Water samples were collected from the ditches which had not yet crossed the ash roads (no ash effect) and from ditches that had drainage water from ash roads (possible ash effect). The open ditches went across FRs through an open tunnel. Water samples were collected from the middle of the ditch at a depth of about 10 cm below the water surface. Contamination from hands was avoided by using plastic gloves. The water flow in ditches varied from dry periods in summer to spring flooding due to snowmelt, but the samples were only collected during the time when the ditches were not flooding.
Water samples from the lysimeters and ditches were collected during the snow-free period (May-November) at about 4-week intervals. The samples in May also represented snowmelt water. The lysimeters were emptied one week before the sampling in order to prevent the over-flowing of containers connected to the lysimeters, and to collect water that was not chemically changed between the sampling occasions. Therefore, the samples collected from the lysimeters represented the percolation water that accumulated during the previous week before the sampling. The samples from the ditches were collected directly to sample bottles. Immediately after sampling, the water samples were sent to the laboratory and kept fridge-cold during the transportation and before analysis. At the laboratory, the pH of the water samples was measured, and the samples filtered through a 0.45 µm membrane filter. Concentrations of Cr, As, Cd, Cu, Ni, Pb, Zn, Ba, Co and Mo were determined by an inductively coupled plasma atomic emission spectrophotometer (ICP-AES, iCAP 6500 Duo analyzer). Dissolved organic carbon (DOC) concentration was determined by a TOC analyzer (Shimadzu TOC-L CSH/CSN ).
Mean values and standard deviations (S.D.) for the period 2011-2014 were calculated for the determined parameters of each treatment plot separately and for the ditches that crossed the ash containing FRs. The numbers of percolation and ditch water samples are presented in the Fig. 3-10 . Heavy metal and Ba concentrations in water samples were compared with the water quality limits ( Table 1 ). The upper limit concentrations (quality limit, QL) indicate a good water quality. Finlex (2001) determines the upper permissible concentrations for household water in Finland in water from the dug groundwater based wells. Lahermo et al. (2002) reports high concentrations in ground water based wells (no Finlex value available), and for Mo the upper permissible concentration used in Finland before Finlex (2001) where no limit is presented. WHO (2011) determines the quality limit for drinking water.
Results
The mean chromium (Cr) concentrations in the percolation water were elevated in the two treatment plots that contained ash: at the top of the road in the treatment "ash(50 cm)" (FR1) and "ash(25 cm)" (FR2). The concentrations highly varied within these plots, and the Cr concentrations were not Table 1 ). DL = detection limit of analytical equipment. Number of samples is indicated for each treatment plot. elevated for the "ash(50 cm)" in FR2 and "ash(25 cm)" in FR1. In the other treatment plots at both depths, the mean Cr concentrations were low compared to the quality limit value (Table 1) . No signs of elevated Cr concentrations due to the ash in the road structures could be detected in the water of the ditches that crossed FR1 and FR2 ( Fig. 3 and 4) .
The detection limit for arsenic (As) was 10 µg l -1 which is also the quality limit value used in our study (Table 1) . A few concentrations were above this limit at some individual points within the plots containing ash. Generally, the As concentrations were below the detection limit, and the mean concentrations close or below 10 µg l -1 . No signs of elevated As concentrations due to ash were detected in ditch water ( Fig. 3 and 4) .
No signs of elevated cadmium (Cd) concentrations were found in either the percolation or ditch water. The concentrations were generally below the detection limit ( Fig. 3 and 4) .
The mean copper (Cu) concentrations in the percolation water were higher compared to the other plots at the top of the roads in the plot "ash(50 cm)" (FR1) and "ash(25 cm)" (FR2). Still, these mean values were clearly below the quality limit value (Table 1) . No signs of elevated Cu concentrations were found in the percolation water in the other plots or in ditch water ( Fig. 3 and 4) .
The highest mean nickel (Ni) concentrations were detected in the plots "ash(25 cm)" and "ash(50 cm)" at the top of the road in FR2, but the variation was high in these plots. The mean values were generally close or higher than 20 µg l -1 in many plots including the control plot that contained no ash. No signs of elevated Ni concentrations were found in the ditch water due to roads containing ash ( Fig. 5 and 6 ).
Mean concentrations of lead (Pb) in the percolation water were generally below the detection limit of 5 µg l -1 both in the treatments with or without ash. The only exception was the plot "ash(50 cm)" in FR1, where the mean Pb concentration was the highest (16 µg l -1 ) at the top of the road. No signs of elevated Pb concentrations were found in the ditch water ( Fig. 5 and 6) .
No signs of elevated zinc (Zn) concentrations were detected due to ash, since the highest mean concentration was determined for the control plot with no ash at the top of FR1. No signs of elevated Zn concentrations were found in the ditch water from roads containing ash. Mean Zn concentrations in all the treatment plots in the percolation water as well as in the ditch water were below the quality limit (Table 1, Fig. 5 and 6) . Table 1 ). DL = detection limit of analytical equipment. Number of samples is indicated for each treatment plot. Mean barium (Ba) concentrations were higher compared to the control plots in all the plots containing ash in FR2 at both depths as well as at the top of FR1 in the plots "ash(15 cm ash + gravel)", "ash(25 cm)" and "ash(50 cm)". Mean Ba concentration was, however, lower than the quality limit value used in our study (Table 1) . No signs of elevated Ba concentrations were found in the ditch water from roads containing ash (Fig. 5 and 6 ).
The highest cobalt (Co) concentrations were measured at the bottom level of FRs and not immediately below the ash layers in the top level of FRs, and this was also the case in the control plot of FR1. Therefore, the possible effect of ash on the concentrations was difficult to detect. No signs of elevated Co concentrations were found in the ditch water due to roads containing ash ( Fig. 7 and 8) . Table 1 ). DL = detection limit of analytical equipment. Number of samples is indicated for each treatment plot. Elevated molybdenum (Mo) concentrations were detected in the plots that contained ash compared to the control plots without ash, and the highest mean values were measured at top level of FRs. In the treatment "ash(50 cm)" in FR1 as well as "ash(20 cm ash + gravel)" and "ash(25 cm)" in FR2, these mean values at top level of FRs were above the quality limit used in this study (Table 1) . However, no signs of elevated Mo concentrations were found in the ditch water due to roads containing ash ( Fig. 7 and 8) .
Generally the mean pH values were higher in the ash treatments than in the control plots at the top level of FRs. The mean pH values were also elevated due to ash containing FRs in the ditch water ( Fig. 9 and 10 ). There were no signs of the influence of the ash neither for the percolation nor ditch water DOC values ( Fig. 9 and 10) . 
Discussion
We studied the effect of dissolution of heavy metals and barium from fly ash on the quality of water percolating through forest roads as well as in ditches that crossed the experimental forest roads. Water quality is one of the important aspects to be studied when exploring the possible impacts of recycled ash on environment. However, water quality does not cover all the possible environmental impacts related to ash use. For example, we did not study nutrient and heavy metals fluxes in this study, as it would have required detailed and reliable information about the water fluxes. Ash roads should not negatively affect the water quality. Therefore, it is important to quantify the possible effects of ash use in forest roads on the element concentrations of percolation and drainage waters.
The concentrations of Cr, As, Cu, Ni, Pb, Mo and Ba highly varied in the water percolating through the forest roads, and this fact made it difficult to generalize the results. There were higher concentrations of Cr, As, Ni, Pb, Mo and Ba in some lysimeters within the treatment plots that contained ash as compared with the control (no ash). The highest individual concentrations were determined in plots containing the highest amount of ash (25 or 50 cm pure ash). On the other hand, concentrations were low in many treatments with or without ash.
A risk for the leaching of heavy metals (Cr, As, Ni, Pb, Mo) and Ba occurs if ash layers producing high concentrations (individual points) are common in the road. If such parts are exceptions, a risk for high leaching seems to be negligible. Future studies should concentrate on the reasons for such a large variation in the percolation water.
It is important that ash to be used in forest roads is of good and even quality. In our study, the chemical composition of the ash varied slightly since it was produced on several different occasions in the power plant, and stored in different lengths of time before the ash use. Also, some variation was probably caused by the compaction of the ash layers resulting in loose ash layers with a large surface area for chemical reactions. Ash layers were not compacted during construction by a separate operation, and the road structures were assumed to compact over time in use. The role of compacted ash layers in the leaching processes is undoubtedly an important aspect to be studied in the future.
The roads containing ash did not affect the water quality in the ditches that crossed the FRs. This is a positive finding, but it should be kept in mind that the hydrological conditions strongly affect the concentrations and may in some cases mask the possible effect. For example, if the water volume in the ditches after crossing the ash containing roads had increased, this may have a diluting effect on the concentrations of leached elements. Hydrological conditions varied in our ditches from low to high water volume, and these changes undoubtedly affect the concentrations. Our results however reflect the current situation in water chemical quality, which can be compared to the current threshold values for the quality of household water of the dug groundwater wells (Finlex 2001; Lahermo et al. 2002; WHO 2011) . The concentrations of many parameters in the ditch water fulfilled these quality criterions set for household water of the dug groundwater wells, and no signs of increased concentrations were detected in ditches crossing the ash containing roads. Vanhanen et al. (2014) reported that the concentrations of heavy metals were low in the ground water, which was under the influence of drainage waters from the forest roads constructed using wood based ash in Finland. Their study setup was very similar in many ways compared to our study, although they focused on ground water quality, and not percolation and ditch water quality as this study. They stated that a three year study was, however, a quite short monitoring period. Nordmark et al. (2014) found a declining trend in the Al, Cl, K, Ca, pH and SO 4 concentrations in wood based fly ash structure during a three year survey. Our results are in agreement with these studies in respect that concentrations were low in many parts in forest road structures containing ash, and leaching did not negatively affect the ditch water quality. On the other hand, Oburger et al. (2016) found leaching of e.g. Ni and As from wood ash used in forest roads, and elevated concentrations of these metals were higher than the chemical quality limits set for household water in Austria. In our study, concentrations of Cr, As, Ni, Pb and Mo were occasionally high in the ash containing road structures in some points of the roads. The quality of the ash can vary due to many factors, and therefore only good and even quality ash should be used in road construction and as a fertilizer, and the leaching properties of different substances from ash should be known. Kaakkurivaara (2018) reported that a good bearing capacity was reached already by using a mixture of 15 or 20 cm ash and gravel. This structure seemed to be a good option from the point of view of both the bearing capacity and element leaching in our study area.
Conclusions
The mean concentrations of all the measured parameters were low in many treatment plots that contained ash, and the mean concentrations decreased in the road structure from the top to the bottom level of the road. The ash containing forest roads did not negatively affect the concentrations of water in ditches that crossed the forest roads. Some lysimeters close to the ash layer had elevated concentrations of heavy metals (e.g. As, Ni, Mo) and Ba in percolation water, when others necessarily did not. Therefore, the leaching from the forest roads seems to take place from some points from the ash layer and not evenly from the entire ash layer. A risk for leaching of heavy metals and Ba seems to be low if the roads only rarely contain such high leaching parts. On the other hand, a risk for leaching should be considered if the points with high concentrations are widely spread in the road, and water from these parts is flowing directly to side-ditches and groundwater without percolation through the soil material of the road structure.
